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 This paper reports a novel control strategy 
combined with artificial intelligence for wind-
induced vibration control of a high-rise structure 
and also provides a broader idea for traditional 
structural vibration control. The fast Fourier 
transform based on decimation-in-time was used to 
optimize the waves with a weighted amplitude 
method, and the wind speed field was numerically 
generated according to a Davenport - type 
fluctuating wind speed spectrum. A second-
generation benchmark structure was selected as 
the high-rise building model. Tuned mass damper 
(TMD) and active tuned mass damper (ATMD) 
served as the controller, and the linear- quadratic- 
Gaussian algorithm served as the active control 
algorithm for ATMD. Simultaneously, the particle 
swarm optimization algorithm was introduced, and 
the integral of the absolute value of the error 
based on the relative displacement of floors with 
regard to the ground level was defined as a 
performance index for optimizing. The numerical 
results reveal that both of the two proposed 
controllers have excellent capability in reducing 
wind-induced vibrations in high-rise buildings; 
moreover, the PSO-based ATMD performed better 
than PSO-based TMD. 
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1 Introduction  
 
With the rapid development of high-rise buildings, 
more and more attention has been paid to wind-
induced vibrations so that effective control 
strategies have been developed for comfort and 
safety. In general, they are classified as active, 
semi-active, passive, and hybrid control methods. 
Tuned mass damper (TMD) is one of the oldest 
passive control devices, first reported by Framh [1]. 
Rana and Soong [2] performed a parametric study 
for enhancing the understanding of some important 
characteristics of TMD. A standard SDOF (single 
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degree of freedom) system has been used to develop 
two different optimization criteria for TMD [3]. 
Bekdaş and Nigdeli [4] used a Harmony Search 
(HS), i.e. a meta-heuristic optimization method, to 
determine the optimal parameters of TMD.  
Concomitantly, active tuned mass dampers 
(ATMDs) have emerged due to the various 
restrictions of TMD such as a not ideal control 
effect. Abdel [5] reported a process for designing 
optimal ATMD. An adopted control scheme 
consisted of an ATMD where the control action was 
achieved by a fuzzy logic controller (FLC); its 
ability to handle any nonlinear behavior was also 
studied [6].  
In general, the simulation strategies of a random 
fluctuating wind can be divided into two types: (i) 
linear regression filtering techniques such as the 
auto regressive (AR) method [7] and autoregressive 
moving average (ARMA) method [8–10] and (ii) 
the harmonic synthesis method based on 
trigonometric series superposition. The former has a 
small amount of computation but poor accuracy; in 
contrast, the latter has a higher precision with 
unconditional stability. Shinozuka and Jan [11] 
simulated a random wind field by waves with 
weighted amplitude (WAWS), and then the 
structural responses were computed. Recently, 
several studies on further improving WAWS have 
been conducted to improve efficiency. YANG [12] 
applied fast Fourier transform (FFT) to WAWS for 
the first time, thus significantly improving the 
efficiency of harmonic terms superposition. For 
further improving the efficiency of FFT, SUN [13] 
used a decimation-in-time (DIT) strategy (a signal 
processing technique) to accelerate the 
superposition.  
In general, a traditional gradient-based optimization 
method requires computations of sensitivity factors 
and eigenvectors in its iterative process. This causes 
heavy computational burden and slow convergence. 
Moreover, there is no local criterion to distinguish 
whether a local solution is also the global solution. 
Thus, conventional optimization methods using 
derivatives and gradients are generally not able to 
locate or identify the global optimum with certainty; 
however, for real-world applications, one is often 
content with a good solution even if it is not the best 
solution. Consequently, heuristic methods are 
widely used for the global optimization problem. 
Particle swarm optimization (PSO) algorithm was 
first proposed by Eberhart and Kennedy [14], and it 
is novel population-based metaheuristic utilizing the 
swarm intelligence generated by the cooperation 
and competition between the particles in a swarm, 
which has emerged as a useful tool for engineering 
optimization. 
 
2 Fluctuating wind speed field simulation 
using DIT-FFT-WAWS method 
 
2.1 Brief introduction to WAWS 
 
A M -dimensional, zero mean, stationary, and 
random process is expressed as follows: 
 
  TM tvtvtvtv )(,),(),()(   . (1) 
 
Further, the cross-spectral density function matrix is 






































where, )( fS ii  and )( fSij are the self-spectral density 
function matrix and cross-spectral density function 
matrix, respectively, Mji ,,2,1,  ; the Cholesky 
decomposition of Eq. (2) can be performed as 
follows:  
 




































where, )( fH  and )(* fH  are conjugate transpose 
matrices, and their elements have the following 
properties: 
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Mi ,,2,1  ； 1,,2,1  ij ； ji  . 
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jl , the frequency 
increment is Nup /  , and N  is a positive and 
large integer. up is the cutoff frequency, and it 
should be selected according to the actual frequency 
characteristics of the target structure. jl  is a 
random number between 0 and 2 . Moreover, the 
time step t  should satisfy Eq. (9) in order to 
prevent aliasing between mutually adjacent 
frequencies when the wind speed data are generated 
by Eq. (8). 
 
  upt  / . (9) 
 
Eq. (3) shows a very large amount of computation, 
because the Cholesky decomposition must be 
performed for each frequency f . 
 
2.2 DIT-FFT-WAWS method 
 
Dividing the 2N  sequences )(ix )1,,2,1,0(  Ni  





















The discrete Fourier transform (DFT) of the front 
and rear halves of the shown sequences can be 
achieved as follows: 
 














kX k , (12) 
 
where, )/4exp( NjW  , j is the imaginary unit. By 
repeating the above process, the FFT form of )(ix  
can be obtained. 
The analysis shows that the computation amount is 
proportional to 2N when the direct operation is 
performed; however, it is proportional to NN 2log if 
DIT-FFT is used. 





































































  (15) 
 
Then, Eq. (14) is accelerated using the DIT-FFT-
WAWS technique:  
 
  )()(  lBtpM ijij FFTDIT . (16) 
 
In Eq. (16), ][FFTDIT denotes the FFT based on 
DIT technique. 
 
3 TMD and ATMD control for 76-story 
benchmark structure 
 
3.1 76-Story benchmark structure 
 
The tall building considered was a 76-story 306.1 m 
office tower proposed for the city of Melbourne, 
Australia, and the schematic diagram is shown in 
Fig. 1 [15]. The total mass of the building, including 
heavy machinery in the plant rooms, is 153,000 t. 
The total volume of the building is 510,000 m3, 
resulting in a mass density of 300 kg/m3, which is 
typical of concrete structures. The building is 
slender with a height-to-width ratio of 7.3; 
therefore, it is wind sensitive. Moreover, 10v 15 
m/s, the ground roughness coefficient  0.03, 
atmospheric density  1.25 kg/m3, and the 
geomorphologic factor   0.4. The shape coefficients 
can be obtained from “Load code for the design of 
building structures”, [16] as shown in Fig. 2.  
An order reduction operation should be performed 
for the original model so as to avoid an overly 
complex analysis. Moreover, the condensation 
model also preserved the dynamic characteristics of 
the original structure well. Besides, sensors were 
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(b) Elevation view 
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3.2 Numerical simulation of fluctuating wind 
speed field 
 
In this study, Davenport fluctuating wind speed 
field [17] was simulated, and the self-spectral 




















x   is the turbulence integral scale 
factor, f is the frequency of the fluctuating wind, 
 is the ground roughness coefficient, and 10v is the 
average wind speed at 10 m height. 
The cross-spectral density function of the two 
random floors  nm,  of the benchmark structure 
can be expressed as follows: 
 
 )()()()()( fimnmmmn efchfSfSfS
 , (18) 
 
where, )( fch is the coherence function, and only the 
downwind planes are considered in this study; 
thus, )( fch can be expressed as follows: 
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),(),,( jjii zxzx are the coordinates of the considered 
planes, zx cc , are the attenuation coefficients, and 
10,6  zx cc . 
Finally, the phase angle )( f can be determined as 
follows: 
 


































































(b) The 76 th floor 
 




(a) The 60 th floor 
 
 
      
(b) The 76th floor 
 
Figure 4. Spectral density function curves.  
 
Figs. 3 and 4 show the speed process and spectral 
density function curves of the 60 th and 76 th floor 
of the benchmark structure. Clearly, compared to 
the Davenport-like objective spectrum, the 
simulated spectrum is almost the same as the trend 
and peak value. Therefore, it is feasible to simulate 
the fluctuating wind for the benchmark structure 
using DIT-FFT-WAWS. The fluctuating wind load 








(b) The 76th floor 
 
Figure 5. Fluctuating wind load. 
 
3.3 TMD and ATMD control 
 
3.3.1 TMD control 
 
A high-rise building with n stories is considered 
here, and TMD is applied on the k th floor. The 
motion equations are formulated as follows: 
 
















where, M,C, and K are the mass, damping, and 
stiffness matrix of the tall building, 
respectively;

XXX ,,  are the structure displacement, 
velocity, and acceleration matrix, respectively; md, 
kd, and cd are the mass, damping, and stiffness of the 
TMD; dx is the displacement of the TMD; and kx  is 
the displacement of the k th floor. The control force 
generated by the TMD can be denoted as follows: 
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3.3.2 ATMD control with LQG algorithm 




Similar dynamic equations can be derived as 
follows: 
 

















where, windF  is the wind load vector, U is the control 
force vector, E  is the location matrix of the control 
force, actuatorF is the control force exerted on the 
structure and the ATMD system. 
Eq. (23) can be expressed as the state space form: 
 















 , (24) 
 
where, )(),( 21 tt  are the input noise and 
measurement noise, respectively, and both of them 
are zero-mean Gaussian white-noise process. 
First, the control force )(tU  can be designed by the 
LQR (linear quadratic Gaussian) algorithm, namely, 
 
     )()( tGZtU  , (25) 
 
 where, G is the gain matrix of the continuous state 
space equations. 
Then, the full state of the structure was estimated 
according to the observed output and the Kalman 
filter, and the objective function can be selected as 
follows: 
 












 is the estimation of the )(tZ ; Kalman 
filter and filter gain eK  can be constructed by 
minimizing the objective function as follows: 
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with the obtained feedback gain G  and the Kalman 
filter gain eK , the following state equations can be 
derived as follows: 



















4 PSO-based TMD and ATMD control 
 
4.1 PSO algorithm 
 
The updated equations of the particle velocities and 
positions are the core parts in the PSO algorithm 
and can be denoted as follows: 
 
   ))()(())()(()( 2211 txtgbestrctxtpbestrctvv ijijijijijij  , (29) 
 
 )1()()1(  tvtxtx ijijij , (30) 
 
where, i  represents the i th particle; j  represents 
the j th dimension of each particle; ( )ijv t  represents 
the flight velocity component of the j th dimension 
in the evolution of t th generation; ( )ijx t  represents 
the flight displacement component of the j th 
dimension in the evolution of t th generation; 
)(tpbestij represents the optimal location component 
of the j th dimension in the evolution of the t  th 
generation of particle i ; ( )jgbest t  represents the j th 
dimension of the optimal position of the entire 
particle swarm in the evolution of the t  th 
generation; 
1 2,c c are acceleration factors or learning 
factors; and 21,rr are random numbers between (0,1) . 
ω  is the inertia weight factor and plays a key role in 
the PSO for global optimum, and a linear changing 
strategy is often used as reported by Shi and 
Eberhart [18]. However, a simple and effective form 
of ω  is introduced here, namely, t99.0  [19]. 
 
4.2 Performance index 
 
During the TMD or ATMD control, the entire time 
fT  can be discrete with an equal step t , and the 
performance index, namely, the integral of absolute 
value of error (IAE) can be defined as follows: 
 







)( , (31) 
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where tkt   is an arbitrary discrete time; ix is the 
displacement of the i th floor w.r.t. ground level and 
also the error in the proposed control; sT f 900 , 












By performing this index, the overall displacement 
of the tall building (summation of every floor 
displacement) in the entire time process can be 
reduced, consistent with the final purpose of the 
wind-induced control of a high-rise structure. 
The procedure of the PSO-based TMD and ATMD 
control strategy is shown in Fig. 6, and the design 
variables, constraints, and PSO settings of the entire 






Figure 6. Flowchart of PSO-based TMD/ATMD 
control 
 
5 Case studies 
 
To investigate the performance of the proposed 
control strategy, the PSO-based TMD/ATMD 
strategy was applied to the benchmark structure, 
and the main idea is mentioned above. 
The frequency ratio of TMD (ATMD) to the first-
order frequency of the main structure is denoted 
as ratio , the mass ratio to the total mass of the 
building is denoted as ratiom , and the damping ratio 
is denoted as ratio .  
For the PSO-based TMD, ratiom , ratio , and ratio  were 
optimized by evaluating the cost function as shown 
in Eq. (33). Further, the number of particles, 
particle size, number of iteration, and 21,cc were 
selected as 100, 3, 50, 2.0, and 2.0. 



















  (33) 
 
For the PSO-based ATMD, ratiom , ratio , ratio , and 
weight matrix RQ, were optimized by evaluating the 
cost function as shown in Eq. (34), and the number 
of particles, particle size, number of iteration, and 
21,cc were similarly set as 100, 34, 50, 2.0, and 2.0. 
 
 )34dim(),33dim(,),4dim(),3dim(),2dim(),1dim( Particle  
 








































(b) PSO-based ATMD 
 
Figure 7. Fitness convergence. 
 
 
  ratiom , ratio , ratio    q    R  
  ratiom , ratio , ratio  
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Table 1. Optimal parameters 
 
PSO-based TMD 
009.0ratiom ; ;0941.0ratio 022.1ratio . 
PSO-based ATMD 
009.0ratiom ; ;0946.0ratio 031.1ratio ; 
Q=diag[0.907, 0.0001, 0.939, 0.344, 0.963, 0.0555, 1.000, 
0.00001, 1.000, 0.0354, 0.951, 1.000, 0.0292, 0.0325, 0.929, 
0.427, 0.376, 0.954, 0.922, 0.0171, 0.0736, 1.000, 0.197, 0.511, 

















(d) The 76 th floor 
 
















(d) The 76 th floor 
 
Figure 9. Structure velocity for comparison. 
 
As shown in Table 1, ratiom , ratio , ratio  are almost 
the same for two different strategies, indicating that 
the optimal parameters of the mass damper system 
is consistent with each other. Thus, the active 
algorithm may play a decisive role as shown in Figs. 
8 and 9. 
When comparing with the original study of the 
benchmark structure, the parameters were set as the 
same with the reference to [15], namely, TMD 
mass t , the natural frequency Hz . , and 
the damping ratio = 0.2, the weighting.matrix  




















R , and the peak 
responses under different working conditions are 





Figure 10. IAE index for comparison. 
 
Table 2. Peak values (a-c) 
 
(a) Peak displacement (cm) 
 
 
(b) Peak velocity (cm/s) 
 
 
(c) Peak acceleration (cm/s2) 
 
 




Uncontrolled  TMD  PSO-TMD 
Reduction 
(%) 
ATMD PSO-ATMD  
Reduction 
(%) 
55 13.349 8.916 7.930 40.595 7.718 7.336 45.045 
60 15.395 10.257 9.141 40.624 8.905 8.467 45.002 
70 19.662 13.039 11.669 40.652 11.390 10.838 44.878 
76 22.396 14.817 13.290 40.659 12.987 12.363 44.798 
Building 
floor 






55 12.582 8.215 6.127 51.303 7.074 5.763 54.196 
60 14.471 9.450 7.163 50.501 8.113 6.649 54.053 
70 18.410 12.031 9.441 48.718 10.267 8.513 53.758 
76 20.927 13.681 10.925 47.794 11.648 9.718 53.562 
Building 
floor 






55 13.352 9.923 8.208 38.526 7.539 6.256 53.145 
60 16.804 11.835 9.369 44.245 7.522 6.687 60.205 
70 19.851 12.855 12.764 35.701 9.153 8.691 56.219 
76 27.825 22.332 19.797 28.852 11.905 9.370 66.325 
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As shown in Figs. 8–10 and Table 2, the reduction 
ratios w.r.t. the uncontrolled responses show that 
the PSO-based ATMD can control the wind-induced 
vibration of the high-rise structure better than the 
PSO-based TMD; in particular, it is most obvious 
by the comparison with the acceleration reduction, 
such as the 76 th floorwhere the reduction ratio 
reached 66%.  Moreover, the proposed strategy 
effectively achieved the optimal parameters of 
TMD/ATMD, and the controlled responses were 




The application of DIT-FFT-WAWS was studied to 
achieve a simulated fluctuating wind load process 
of a high-rise building considering vertical 
correlation and as a result, the algorithm was proved 
to be simple and fast. Moreover, the accuracy can 
be effectively guaranteed. Compared to the 
Davenport spectrum, the simulated power spectral 
density function curves of fluctuating wind speed 
was highly consistent with the objective trend, thus 
providing a strong guarantee for accurate wind load 
simulation.  
A novel PSO-based TMD (ATMD) controller was 
proposed for the reduction of the benchmark 
structure subjected to the simulated fluctuating 
wind. This study sets out to design and optimize the 
parameters of the TMD (ATMD) control scheme 
for achieving the best results in the reduction of a 
high-rise building. The design of the two controllers 
was formatted as an optimization problem based on 
the IAE performance index. 
The numerical results show that both of the two 
controllers can effectively reduce wind-induced 
vibrations in tall buildings, and that the innovative 
method is applicable. Notably, the PSO-based 
ATMD performed better than the other, mainly 
because of the active controller in view of the 
almost identical optimal parameters of the mass 
damper system.  
Along with artificial intelligence, the conventional 
control strategies of structure vibrations can be 
further improved using a specific performance 
index that can reflect typical characteristics of the 
controlled object, and this idea can not only solve 
the wind-induced vibration control, but also inspire 
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